Density functional theory ͑DFT͒ has become the method of choice for many applications of quantum mechanics to the study of the electronic properties of molecules and solids. Despite the enormous progress in improving the functionals, the current generation is inadequate for many important applications. As part of the quest of finding better functionals, we consider in this paper the Perdew-Burke-Ernzerhof ͑PBE͒ functional, which we believe to have the best theoretical foundation, but which leads to unacceptable errors in predicting thermochemical data ͑heats of formation͒ of molecular systems ͓mean absolute deviation ͑MAD͒ϭ16.9 kcal/mol against the extended G2 data set of 148 molecules͔. Much improved thermochemistry is obtained with hybrid DFT methods that include part of the Hartree-Fock exchange ͓thus B3LYP ͑Becke's three parameter scheme combining Hartree-Fock exchange, Becke gradient corrected exchange functional and Lee-Yang-Parr correlational functional͒ with MADϭ3.1 kcal/mol and PBE0 ͑Perdew's hybrid scheme using PBE exchange and correlation functionals͒ with MADϭ4.8 kcal/mol͔. However we wish to continue the quest for a pure density-based DFT. Thus we optimized the four free parameters ͑, , ␣, and ␤͒ in PBE theory against experimental atomic data and the van der Waals interaction properties of Ne 2 , leading to the xPBE extended functional, which significantly outperforms PBE for thermochemical properties MAD reduced to 8.0 kcal/mol while being competitive or better than PBE for predictions of geometric parameters, ionization potentials, electron affinities, and proton affinities and for the description of van der Waals and hydrogen bond interactions. Thus xPBE significantly enlarges the field of applications available for pure DFT. The functional forms thus obtained for the exchange and correlational functionals may be useful for discovering new improved functionals or formalisms.
I. INTRODUCTION
Density functional theory 1 ͑DFT͒ has become a valuable alternative to the conventional Hartree-Fock ͑HF͒ and post-HF methods 2 for the study of molecular electronic structures. DFT replaces the conventional ab initio wave function, which depends on 4N variables ͑three spatial and one spin variable for each of the N electrons͒, by the electron density, which depends only on the three spatial variables, as a means to reach a solution to the Schrödinger equation in DFT. In principle, DFT takes into full account all many-body effects with computation costs comparable with mean field ͑Hartree͒ approximations. 1 Unfortunately, the exact density functional is unknown, making it necessary to develop approximate functionals using theory to help to specify limits and functional forms and comparisons to accurate experiments to determine a limited set of parameters. Therefore, the quest of finding better and better functionals is at the heart of density functional theory.
Many approximations to the exchange-correlation energy have been developed and tested. The simplest approximation is the local density approximation ͑LDA͒ based on fitting the exact numerical results from the uniform electron gas ͑UEG͒. [3] [4] [5] While LDA yields results of good or moderate accuracy for some properties ͑lattice constants, bulk moduli, equilibrium geometries, and vibrational frequencies͒ ͑Ref. 6͒ the severe overbinding of LDA ͓mean absolute deviation ͑MAD͒ϭ90.9 kcal/mol for the G2 data set of 148 atoms and molecules͔ makes corrections depending on the density derivatives essential. 7 The generalized gradient approximations ͑GGAs͒ use exchange functionals including the first-order gradients 8 and have demonstrated great improvement over LDA for bond energies of molecules, the cohesive energies of solids, and the energy barriers for molecular reactions, but they generally remain inadequate for thermochemistry for molecules.
Several GGA functionals [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] have proved useful in applications to molecules and solids, but Perdew, Burke, and Ernzerhof ͓PBE ͑Ref. 11͔͒ have developed a simplified GGA that best fulfills many of the physical and mathematical requirements of DFT. In particular, PBE ͑a͒ satisfies the Lieb-Oxford bound 23 "that is, E x ͓͔уE xc ͓͔ уϪ1.679͐ d 3 r(r) 4/3 …; ͑b͒ provides the correct linear response of the uniform electron gas with proper uniform scaling; 24 and ͑c͒ leads to smooth pseudopotentials. 11 However, the numerical performance of PBE is unsatisfactory for total atomic energies and thermochemical properties of molecular systems. 12 For example, Handy and coworkers designed a test of 93 chemical systems that DFT methods should satisfy to be recommended for chemistry and concluded PBE does not pass. 25 The most successful DFT functionals for thermochemistry ͓e.g., B3LYP ͑Ref. 26͒ and PBE ͑Ref. 21͔͒ include in the exchange energy a component of exact Hartree-Fock exchange ͑using Kohn-Sham orbitals͒; however, this comes at considerable computational cost ͑particularly for infinite systems͒, which we wish to avoid, and these hybrid methods violate the spirit of DFT that the energy expression depends only on the local density.
We present here an extension of the PBE functional ͑de-noted as xPBE͒ in which we optimize four parameters ͑, , ␣, and ␤͒ in PBE against ͑a͒ experimental atomic data and ͑b͒ the van der Waals interaction properties of Ne 2 , ͑c͒ but using no other molecular data. We find that the xPBE extended functional significantly outperforms PBE in predicting ͑i͒ atomic data ͑exchange energies, correlation energies, and total energies for atoms from H to Ar͒ and ͑ii͒ thermochemistry ͑heats of formation for the extended G2 set͒. 27, 28 At the same time, xPBE is competitive or of better quality than PBE in the predictions of ͑1͒ geometric parameters, ionization potentials, electron affinities, and proton affinities ͑against the extended G2 set͒ ͑Refs. 27 and 29͒, and ͑2͒ van der Waals and ͑3͒ hydrogen bond interactions, thus greatly enlarging the original field of applications.
II. THEORETICAL BACKGROUND

A. GGA exchange and correlation functional
In the Kohn-Sham formalism for DFT, the total energy is written as
EϭKEϩCEϩE xc ͑1͒
where KE is the kinetic energy of the Kohn-Sham orbitals, CE is the classical Coulomb interaction energy for the total density constructed from the Kohn-Sham orbitals, and the exchange-correlation functional E xc , includes everything else. The challenge is to describe the E xc term, which, conventionally, is assumed that to be separable, E xc ϭE x ϩE c . ͑2͒
In GGA, 8 the exchange functional is expressed as
where (r) is the total density; ⑀ x unif ϭϪ3k F (/4) is the Slater exchange energy density in the uniform electron gas approximation, 3, 4 k F ϭ͓3 2 (r)͔ 1/3 is the local Fermi wave vector, and F x (s) is the GGA enhancement factor depending on a dimensionless density gradient s, which is defined as s ϭ͉"͉/(2k F ). Conventionally, we may define the enhancement factor F xc over local exchange
Thus we have
In the well-established Perdew-Wang-91 correlation functional ͓PW91 ͑Ref. 17͔͒, H is expanded as
where
.09, ␤ϭ0.066 725, the Rasolt and Geldart constants C c ͑Ref. 30͒ and the Sham coefficient C X .
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B. The PBE exchange and correlation functional
In PBE, the enhancement factor of the exchange functional takes the form
where ϭ0.804 is set to the maximum value allowed by the local Lieb-Oxford bound 24 on E xc and ϭ0.219 51 is set to recover the linear response of the uniform gas such that the effective gradient coefficient for exchange cancels that for correlation.
In the PBE correlation functional, only the first term in the PW91 correlation functional is kept:
This was derived from three limits,
and
where ␥ (r)ϭ␥ 3 (␥r) is a uniformly scaled density. 24 Note that the last constraint is violated by PW91 because of H 1 term.
In addition PBE uses ␣ϭ0.0716 instead of ␣ϭ0.09 used in PW91. 38 has also been empirically determined by fitting to certain set of the experimental data. For example, the popular Becke88 functional uses ϭ0.274 29. 9 Becke was the first to propose using the exchange functional of Eq. ͑12͒, where in B86 the parameters ϭ0.235 11 and ϭ0.9672 were determined by a least squares fit to the Hartree-Fock exchange energies of the 20 atomic systems H through Ar, plus Kr and Xe.
III. THE EXTENDED PBE FUNCTIONAL: xPBE
A. The term
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B. The term
Perdew, Burke, and Wang 39 compared the PBE enhancement factor of Eq. ͑12͒ with various numerical results for F x (s) as a function of s in the physical range 0рsр3. They showed that a sharp radial cutoff corresponds well to ϭ0.804, while a more diffuse cutoff leads to a smaller value of . This uncertainty is also reflected in the PBE derivation of Eq. ͑12͒, in which is set to the maximum value of the local Lieb-Oxford bound. 11 Lacks and Gordon argued that the local Lieb-Oxford bound is not a necessary criterion for an exchange functional. 40 Zhang and Yang ͓revPBE ͑Ref. 12͔͒ relaxed this constraint and optimized by fitting the exchange-only total atomic energies from He to Ar to the exact exchange-only results from the optimized exchange potential method, 41 obtaining ϭ1.245.
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C. The ␤ and ␣ terms
The in the PBE exchange functional is correlated with the ␤ in the PBE correlation functional. 11 Any change of might require a related change in ␤ to preserve a good LSD ͑local spin density approximation͒ description of the exchange-correlation energy in the linear response of the uniform gas. We consider that there is some flexibility for optimizing the ␣ ͓␣ϭ0.0716 in PBE ͑Ref. 11͒ and ␣ϭ0.09 in PW91 ͑Ref. 17͔͒.
D. Optimization
We will treat the and parameters in the PBE exchange functional and the ␣ and ␤ parameters in the PBE correlation functional as four parameters to be optimized. To optimize these parameters we will fit data of the following three subsets: ͑1͒ the Hartree-Fock limit energies of 18 atoms from H to Ar; 42 ͑2͒ the exact total atomic energies from H to Ar; 42 and ͑3͒ the binding energy and bond distance of Ne 2 .
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The procedure is
We minimize the least-square error " in a self-consistent way of solving unrestricted Kohn-Sham orbital equations using aug-cc-pVTZ basis set. Here E i is the calculated energy and E i ref is the corresponding reference energy 42, 43 in subsets ͑1͒-͑3͒. All energies are in atomic units. The relative weights w i are adjusted to give a reasonable balance of different contributions. For atomic energies, we use unit weight, except that of H, for which we use a value of 3ϫ10 3 . For the binding energy of Ne 2 , a large weight of 3ϫ10 7 is used. We optimize ͕,,␣,␤͖ with i running over all data in three subsets such that nϭ37 in Eq. ͑18͒. While a good fit of the calculated exchange-only total atomic energies against the data in subset ͑1͒ leads to suitable and ; a good fit of the calculated exchange-correlation total atomic energies against the data of subset ͑2͒ leads to suitable ␣ and ␤ for given and . Subset ͑3͒ provides a constraint on the optimized , , ␣, and ␤ for the large gradient/small density limits corresponding to large s and t. We search ͕,,␣,␤͖ sequentially to achieve a minimum in the least-square error " for the whole set.
The final results for the four parameters ͕,,␣,␤͖ of xPBE listed in Table I where they are compared to the values for PBE, revPBE, and B86PBE. ͓Note that the notation PBE signifies that the PBE exchange functional is combined with Figure 1͑a͒ represents the enhancement factor F x (s), Eq. ͑12͒, for the exchange functionals in the PBE family. The s→0 asymptote for all curves is 1.0, recovering the LSD limit. The s→ϱ asymptotes are 1ϩϭ1.804 ͑PBE͒, 2.245 ͑revPBE͒, 1.9672 ͑B86͒, and 1.919 54 ͑xPBE͒ such that the latter three do not support the local interpretation of the global Lieb-Oxford bound.
1,24 Figure 1͑b͒ shows the enhancement factor F c (r s ,,t), Eq. ͑6͒, for the correlation functionals in the PBE family for a spin-unpolarized ͑ϭ0͒ case with r s ϭ2 and 6. The t→0 asymptote for all curves is 1.0, recovering the LSD limit. The t→ϱ asymptote is 0.0 such that the correlation effects vanish. Figure 2 Other modifications based on the PBE exchange functional ͓RPBE ͑Ref. 13͒ and mPBE ͑Ref. 14͔͒ changed the functional form of Eq. ͑12͒, and will not be discussed here.
IV. RESULTS AND DISCUSSION
A. Atomic data
Table II compares the total energies ͑in a.u.͒ calculated self-consistently by HF and the DFT-exchange-only methods with the total energies in the HF limit 42 for the first 18 atoms from H to Ar. Comparing E(HF) to E͑HF limit͒ the MAD is 1.8 kcal/mol, which may be interpreted as the basis set error remaining with the aug-cc-pVTZ basis for the atomic calculations.
The PBE exchange-only ͑PBE͒ calculations lead an unacceptable error ͑MADϭ44.4 kcal/mol͒. The revPBE ͑Ref. 12͒ method relaxed the local Lieb-Oxford bound constraint and optimized by fitting exchange-only total atomic energies from He to Ar to the exact exchange-only results from the optimized exchange potential method. 41 The revPBE functional significantly improves upon PBE, leading to MADϭ13.0 kcal/mol. Becke, the first to introduce the exchange functional in Eq. ͑12͒, 15 optimized and by a least-squares fit to the Hartree-Fock exchange energies of 20 atomic systems from H to Ar plus Kr and Xe. 15 This B86 functional leads to much better exchange-only total energies ͑MADϭ13.6͒ than does PBE. From Table II , we see that xPBE ͑MADϭ8.6 kcal/mol͒ leads to the best performance of the various exchange functional for atomic calculations. For comparison, we also calculated the exchange-only total energies for the first 18 atoms from H to Ar calculated selfconsistently by B88 ͑Ref. 9͒ and PW91 ͑Ref. 10͒ exchange functionals with aug-cc-pVTZ. As compared to the HF limit, 42 B88 leads to MADϭ7.1; while PW91 leads to MAD ϭ12.7 kcal/mol. Table III presents another way of gauging the quality of an exchange functional. Taking HF exchange energies as a reference, post-DFT calculations with HF densities give MAD for the exchange energies of 46.5 ͑PBE͒, 12.9 ͑revPBE͒, 11.9 ͑B86͒, and 8.6 kcal/mol ͑xPBE͒, respectively. Similar calculations lead to MADϭ8.3 ͑B88͒ and 16.1 kcal/mol ͑PW91͒. The MAD associated with PBE is significantly larger than those of the other exchange functionals; however ͉⌬E x (PBE)͉ increases systematically for larger atoms suggesting that the errors associated with the PBE exchange functional may be systematic. Table IV summarizes the correlation energies for the first 18 atoms from H to Ar ͑Ref. 42͒ and the correlation energies calculated self-consistently by DFT methods. The revPBE and B86PBE functionals share the same correlation functional as does PBE. Thus the slight difference in the correlation energies among these three sets reflects the effect of different densities originating from the different exchange functionals. The PBE correlation functional gives a MAD of 12.4, while the xPBE correlation functional gives a MAD of TABLE II. Total energies ͑in a.u.͒ of Hartree-Fock limit ͓HF limit ͑Ref. 41͔͒ for the first 18 atoms from H to Ar and the differential total energies calculated self-consistently by HF and the DFT-exchange-only methods ͓⌬EϭE(HF limit)ϪE(DFT exchange only)͔. The basis sets used are aug-cc-pVTZ. Mean absolute deviations ͑MAD͒ compared to HF limit are given in kcal/mol. The best DFT results are in boldface. 6.5 kcal/mol. Similar calculations lead to MADϭ7.3 ͓BLYP ͑Refs. 9 and 16͔͒ and 9.1 kcal/mol ͓PW91 ͑Ref. 17͔͒. The exchange-correlation total atomic energies calculated self-consistently with various DFT methods of the PBE family are summarized in Table V . Each MAD is calculated relative to the exact atomic total energies. 42 PBE leads to unacceptable error of 55.5 kcal/mol. MAD ͑revPBE͒ϭ15.4, MAD ͑B86PBE͒ϭ5.0, and MAD ͑xPBE͒ϭ4.1 kcal/mol. Similar calculations lead to MAD ͓BLYP ͑Refs. 9 and 16͔͒ ϭ7.6 and MAD ͓PW91 or GGA II ͑Refs. 10 and 17͔͒ϭ4.9 kcal/mol. Although B86PBE, xPBE, and PW91 give the best results for the atomic calculations, there are error cancellations between the exchange part and the correlation part in these functionals.
Atom
B. Bond lengths and bond angles
Table VI summarizes the experimental geometric parameters for a set of 32 molecules gathered by Pople and co-workers 45 and compares the optimization results for the various GGAs. It has long been recognized that LDA ͑SVWN, Slater exchange functional plus Vosko-Wilk-Nusair TABLE III. Hartree-Fock ͑HF͒ exchange energies ͑in a.u.͒ of the first 18 atoms from H to Ar and the differential DFT exchange-only exchange energies ͓⌬E x ϭE x (HF)ϪE x (DFT) exchange only͔, in a.u., DFT energies are calculated with HF densities. The basis sets used are aug-cc-pVTZ. Mean absolute deviations ͑MADs͒ are given in kcal/mol. The best DFT results are in boldface. correlation functional͒ frequently gives bond lengths which are too long, while this trend is unaltered with the more elaborate GGA such as BLYP. 45 Our results show that functionals of the PBE family give bond lengths which are consistently long, similar to LDA ͑SVWN͒ and BLYP. For H 2 the bond length ͑0.741 Å͒ is overestimated by 0.0099 ͑PBE͒, 0.0071 ͑revPBE͒, 0.0072 ͑B86PBE͒, and 0.0069 Å ͑xPBE͒. For the other 25 X-H bonds in Table VI , the bond lengths are too long by 0.0113 ͑PBE͒, 0.0123 ͑revPBE͒, 0.0110 ͑B86PBE͒, and 0.0103 Å ͑xPBE͒. For bonds between nonhydrogen atoms (X-Y ), the situation is worse. The MADs are increased to 0.0135 ͑PBE͒, 0.0181 ͑revPBE͒, 0.0155 ͑B86PBE͒, and 0.0150 Å ͑xPBE͒.
Table VI also includes 18 bond angles and dihedral angles. All four functionals lead to bond angles which are too small. An exception from this trend is ␣ ͑OOH͒ of HOOH, for which the optimized results are larger than the experimental value by ϳ5°.
Based on the data in Table VI , we find that the MADs for the prediction of bond lengths follow xPBE ͑0.012 Å͒ ϭPBE ͑0.012͒ϽB86PBE ͑0.013͒ϽrevPBE ͑0.015͒, while the MADs for the prediction of bond angles follow PBE ͑1.728°͒ϽxPBE ͑1.779͒ϽB86PBE ͑1.809͒ϽrevPBE ͑1.890͒.
C. Heats of formation
Table VII lists the experimental heats of formation ͑298 K͒ for the extended G2 set of 148 molecules and compares the results for the various GGAs. [27] [28] The MAD deviations from experiment ͑theory-expt.͒ are presented: PBEϭ16.9 kcal/mol, revPBEϭ7.3, B86PBEϭ7.9 and xPBEϭ8.0. PBE leads to a MAD too high to be useful for thermochemistry, with a clear tendency to overbind ͑many more negative deviations than positive deviations͒. In PBE, the maximum negative deviation ͑Ϫ50.5 kcal/mol͒ occurs for C 2 F 4 , while the maximum positive deviation ͑10.1 kcal/mol͒ occurs for Si 2 H 6 . The revPBE functional significantly improves the overall accuracy of PBE ͑MADϭ7.3 kcal/mol͒, leading to an error distribution ranging from Ϫ25.4 (NO 2 ) to 29.7 kcal/mol (SiF 4 ), thus overcorrecting the overbinding tendency of PBE, B86PBE, and xPBE show comparable performance, with MADϷ8 kcal/mol and an error distribution ranging from Ϫ32 to 19 kcal/mol. In comparison, PW91 leads to MADϭ17.8, 44 while BLYP leads to MADϭ7.1 kcal/ mol ͑Ref. 28͒ for the extended G2 set.
In PBE there is a self-correlation energy for the hydrogen atom ͑3.6 kcal/mol for H͒. This situation is not improved in xPBE ͑See Table IV͒. For the inorganic hydrides (X n H m , XϭH, Li, N, O, F, Si, P S, Cl; nϭ1, 2; mϭ1 -6), all methods show a similar performance, with MADϭ5.5 ͑PBE͒, 4.9 ͑revPBE͒, 4.7 ͑B86PBE͒, and 5.4 ͑xPBE͒ for this subset.
The performance of PBE for larger hydrocarbons ͑No. Table VII͒ is less satisfactory. The MAD of this subset is 22.0 kcal/mol, with the maximum error of Ϫ44.1 kcal/mol for the aromatic molecule benzene. The revPBE functional performs much better, with MADϭ10.7 kcal/mol. The maximum error ͑24.1 kcal/mol͒ occurs at isobutane. For benzene, revPBE deviates from experiment by 6.3 kcal/mol. B86PBE ͑MADϭ5.5͒ and xPBE ͑MADϭ5.8͒ are the best for this subset, with a maximum error of Ϫ14.7 kcal/mol at benzene.
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For a subset of substituted hydrocarbons ͑No. 95-136 in Table VII͒ , the performance of PBE is also less satisfactory, showing a tendency toward large overbinding. The MAD of this subset is 22.9 kcal/mol, with the maximum error of Ϫ49.9 kcal/mol for pyridine. The revPBE functional significantly improves over PBE, with the MAD being reduced to 6.8 kcal/mol. The maximum error ͑18.8 kcal/mol͒ occurs at isopropanol. B86PBE and xPBE have a similar accuracy, leading to MADϳ8.6 kcal/mol, with a maximum error of Ϫ25 kcal/mol at nitromethane. For the subset of radicals ͑No. 138 -148 in Table VII͒ , PBE leads to MADϭ16.8 kcal/mol, with a maximum error of Ϫ42.5 kcal/mol at NO 2 . Errors for the other three functionals are significantly smaller, with MADϭ6.7 ͑revPBE͒, 6.4 ͑B86PBE͒, and 6.3 ͑xPBE͒. All these functionals have problems for NO 2 , leading to errors of Ϫ25.4 ͑revPBE͒, Ϫ32.5 ͑B86PBE͒, and Ϫ32.0 ͑xPBE͒.
The fluorine-and chlorine-containing compounds of the G2 set are generally most difficult to describe well. This subset of compounds ͑No. 57-77 in Table VII͒ leads We should point out that although the modified versions of PBE generally improve the accuracy for the thermochemistry, there are cases where the results get considerably worse. For example, PBE overbinds SiCl 4 by 3.2 kcal/mol, while it is underbound by 16.3 ͑revPBE͒ and 9.2 ͑B86PBE, xPBE͒. Perdew et al. have criticized that revPBE improves the energetics of multiple bonds by worsening many single bonds. 46 This tendency is seen clearly in the data of Table VII.
D. Ionization potentials, electron affinities, and proton affinities
Table VIII lists the experimental ionization potentials ͑IPs͒ and the theoretical deviations from experiments for the 18 atoms and 24 molecules in the G2 set; 27, 29 while Table IX lists the results of electron affinities ͑EA͒ for the 7 atoms and 18 molecules in the G2 set. 27, 29 We calculated IP and EA as energy differences between the neutral species and the corresponding ionic species. Very accurate experimental IPs for atoms are known providing a good test of the ability of the functionals to handle positively charged systems. For the There has been some debate in the literature, concerning whether DFT methods are suitable for calculating electron affinities. [47] [48] [49] [50] On one hand, the ''self-interaction error'' causes the Kohn-Sham orbital energies to be shifted upwards artificially, leading to positive ͑unstable͒ orbital energies for the highest occupied orbitals of an anion. On the other hand, an artificial stabilization is provided by employing a finite basis sets with functions localized at the anion.
Actual numerical calculations demonstrate that DFT methods predict electron affinities with an accuracy comparable to conventional ab initio calculations. 30, 50 For the atomic systems, the MAD are 0.130 eV ͑PBE͒, 0.071 ͑revPBE͒, 0.119 ͑B86PBE͒, and 0.081 ͑xPBE͒. All four functionals perform significantly better for the second low atoms.
For the molecular systems, the MAD are 0.090 eV ͑PBE͒, 0.098 ͑revPBE͒, 0.091 ͑B86PBE͒, and 0.093 ͑xPBE͒. The EA of C and CH are problematic for PBE, while EA of Cl 2 is problematic for revPBE, B86PBE, and xPBE. The MAD for the total 25 systems are 0.101 ͑PBE͒, 0.091 ͑revPBE͒, 0.099 ͑B86PBE͒, and 0.091 ͑xPBE͒ eV. For PW91 and BLYP, similar calculations lead to 0.141 ͑PW91͒ and 0.106 ͑BLYP͒. 29, 46 Table X lists the proton affinities PAs at 0 K for the eight cases in the G2 set and the MAD ͑theory-expt͒ obtained from PBE, revPBE, B86PBE, and xPBE. PBE leads to MAD ϭ1.45 kcal/mol with maximum negative deviation being Ϫ3.98 kcal/mol. PAs are always underestimated in PBE as shown by the lack of any positive deviations with this func- E. Bonding properties of rare-gas dimers Rare-gas dimers are the least ambiguous test molecules for London dispersion or van der Waals attraction interactions. Table XI summarizes the bonding properties of He 2 , Ne 2 , and Ar 2 calculated with different flavors of DFT functionals. Although the B88 exchange functional is very successful for describing covalent bonds, it fails to describe van der Waals interactions. 46, 51, 52 Thus every DFT method using the B88 exchange functional ͑pure or hybrid͒ gives unbounded rare-gas dimers; while every DFT method using the PW91 exchange functional severely overbinds the He 2 and Ne 2 rare-gas dimers. 46 Adamo and Barone modified PW91 ͑Ref. 21͒ by fitting the differential exchange energies of raregas dimers to HF values, thus removing most of the overbinding tendency of PW91. Their mPWPW model yields R(He-He)ϭ3.14 Å and ⌬E(He-He)ϭ0.069 kcal/mol, 21 as compared to the PW91 values of R(He-He)ϭ2.645 Å and ⌬E(He-He)ϭ0.231 kcal/mol ͑Ref. 21͒ and the experimental data of R(He-He)ϭ2.970 Å ⌬E(He-He)ϭ0.022 kcal/mol. 43 The PBE functional gives a better description of rare-gas dimers than PW91 or BLYP. 46, 53, 54 For Ne 2 , PBE yields R ϭ3.097 Å and ⌬Eϭ0.111 kcal/mol, which compares well with the experimental data of R(Ne-Ne) ϭ3.091 Å, ⌬E(Ne-Ne)ϭ0.084 kcal/mol. 43 But PBE still overestimates ⌬E(He-He) by 236% and underestimates ⌬E(Ar-Ar) by 56%. The revPBE functional gives satisfac-TABLE VIII. Ionization potentials ͑in eV͒ at 0 K of the 42 systems in G2 ͑Refs. 7 and 29͒ and the deviations ͑theory-expt͒ obtained from PBE, revPBE, B86PBE, and xPBE using aug-cc-pVTZ basis sets. G2 geometries ͑Refs. 27 and 28͒ are used in the DFT calculations. The best DFT results are in boldface. Based on these results we expect that xPBE should lead to a good description of the London forces between electron pairs involving the first ten atoms of the periodic table, making it useful for the most common organic and biological systems.
It is well known that the long-range correlation is absent in the conventional density functionals. 54 -57 Fundamental improvement on the functional is needed to describe correctly the physics of the long-range London-dispersion interactions. 58, 59 F. Bonding properties of water dimer Hydrogen bonding plays a critical role in a wide range of chemical and biological phenomena. Thus water dimer, the prototypical hydrogen bonded system, has received much experimental and theoretical attention. [60] [61] [62] [63] [64] [65] [66] [67] [68] One difficulty in assessing the accuracy in the DFT methods is that the experimental determinations of R e and D e have been unreliable due to the floppy nature of the dimer. Microwave measurements lead to a vibrationally averaged O...O distance of R 0 ϭ2.976 Å, from which it was estimated that R e ϭ2.952 Å. 64 The widely accepted experimental D e of 5.44Ϯ0.7 kcal/mol ͑Ref. 68͒ is indirect, being based on the interpretation of TABLE IX. Electron affinities ͑in eV͒ at 0 K of 25 systems of G2 ͑Refs. 7 and 29͒ and the deviations ͑theory-expt.͒ obtained from PBE, revPBE, B86PBE, and xPBE using aug-cc-pVTZ basis set. G2 geometries ͑Refs. 27 Values from xPBE are always close to the best numbers for all four properties, leading us to conclude that xPBE is the most balanced method in the PBE family for the description of hydrogen bonds.
V. CONCLUDING REMARKS
Development of improved approximations to the exchange-correlation functional is the key to the continued improvement in the success of Kohn-Sham density functional theory. A variety of exchange-correlation functionals have been developed, each with strengths and limits. We believe that the best strategy for developing improved approximations to the exact exchange-correlation functional within the GGA framework is to combine theory-based physical constraints with fitting a very limited set of parameters to selected experimental data. The physical constraints help to confine the functional forms; but the small gradient/ high density regions and the large gradient/low density regions cannot be uniquely fixed by the physical constraints. But it is important to limit the number of empirical parameters in the functional ͑by making maximum use of physical concepts͒ so that systematic improvements of the functional can be achieved.
In line with this approach we started with the wellfounded PBE functional 11 and extended it by optimizing the ͑,,␣,␤͒ parameters against the experimental atomic data and the van der Waals interaction properties of Ne 2 . ͑No other molecular information was used.͒ This xPBE functional significantly outperforms PBE in the prediction of the atomic data ͑exchange energies, correlation energies, and total energies for atoms from H to Ar͒ and the heats of formation ͑against the extended G2 sets͒, while maintaining the good performance of PBE for predicting geometry param-TABLE XI. Bonding properties of He 2 , Ne 2 , and Ar 2 calculated by PBE, revPBE, B86PBE, and xPBE using the aug-cc-pVTZ(Ϫ f ) basis set. Bond energies are corrected for basis set superposition error ͑BSSE͒ effects. Bond lengths are in Å and bond energies are in kcal/mol. The best DFT results are in boldface. eters, ionization potentials, electron affinities, and proton affinities ͑against the extended G2 sets͒ and for describing van der Waals and hydrogen bond interactions.
R(He
Comparing to BLYP, 9,16 xPBE shows competitive quality in the predictions of the atomic data and the heats of formation of molecular systems. xPBE shows better quality in the predictions of ionization potentials, electron affinities, and proton affinities ͑against the extended G2 set͒. In particular, xPBE significantly outperforms BLYP in describing the van der Waals interactions.
As compared to PW91 ͑GGA II͒, 10, 17 xPBE corrects, to a great extent, the overbinding tendency in the prediction of the heats of formation against the extended G2 sets, as well as in the description of the van der Waals interactions as represented by He 2 and Ne 2 .
We also present here a detailed systematic validation of two other modified versions of PBE: revPBE ͑Refs. 11 and 12͒ and B86PBE. 11, 16 Both functionals significantly improve upon PBE for predicting atomic data and the heats of formation ͑against the extended G2 set͒, but revPBE shows a clear tendency for underestimating the van der Waals and hydrogen bond interactions and is poorer than PBE for geometric predictions.
We conclude that xPBE provides a balanced description in covalent bonds as well as the van der Waals and hydrogen bond interactions. Thus xPBE should find applications in a wide range of important chemical and biological systems.
